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PROCESS FOR PRODUCING ACROLEIN AND ACRYLIC 
ACID 

[Teclmical field to which the invention belongs] 

This iavention relates to a process for producing acrolein 
and acrylic acid. More specifically, the invention relates to a process 
for producing acrolein and acrylic acid by oxidizing propylene at vapor 
phase in the presence of a molybdenum-bismuth-containing oxidation 
catalyst. 
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[Prior Art] 

It has been industrially widely practiced to oxidize propyl- 
ene at vapor phase with molecular oxygen or molecular oxygen-con- 
taining gas in the presence of a molybdenum-bismuth-containing 
5 15 oxidation catalyst, using a fixed bed shell-and-tube reactor, 

jy Because this vapor-phase oxidation is a highly exothermic 

reaction, a hot spot is apt to form in the catalyst layer in each reac- 
tion tube. Occurrence of the hot spots causes over-oxidation to 
reduce yield of acrolein and acrylic acid. Also the excessive heat 
20 generation at the hot spots deteriorates the catalyst, rendering it 

impossible to carry out the oxidation reaction over a prolonged period 
with stability. In particular, the problems of hot spots become more 
notable when the propylene concentration in the inlet gas is increased 
or the space velocity is raised for higher productivity. For inhibiting 
25 occurrence of hot spots, there have been a number of proposed 
methods. 

For example, Japanese Patent Kokai (laid-open) Sho 55 
(1980)- 113730 discloses a method comprising preparing plural 
molybdenum-bismuth-containing oxidation catalysts which exhibit 
30 different activity levels, by varying the kind and/or amount of the 
metals (K, Rb, Cs or Tl) constituting the D-component of said cata- 
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lysts and sequentially charging the reaction tubes with the plural 
catalysts in such a manner that the catalytic activity should increase 
from the starting gas inlet side toward the outlet side. According to 
such a method, however, the plural kinds of the catalysts exhibiting 
5 different activity levels cannot be prepared with good reproducibility 
because the content of the D-component is less than those of the 
other components. Again, although it was advocated that the method 
enabled to increase the propylene concentration in the starting gas, 
the actually used propylene concentration in the starting gas to verify 

,^ 10 the effect of the method by working examples was 8 volume % (cf. 

0 Example 7). 

Sj Japanese Patent Kokai Hei 8 (1996)-3093 describes a 

JrJ method of charging the reaction tubes sequentially with plural kinds 

:P of catalysts of different activity levels which are prepared by varying 

5 15 their calcining temperature, in such a manner as to increase the 

activity from the starting gas inlet side toward the outlet side. While 
y it is possible to control the activity level by calcination according to 

O said method, the temperature distribution inside of those ovens which 

are normally used for the calcination is not uniform and there is the 
20 possibility that preparation of plural kinds of catalysts of different 

activity levels with good reproducibility may become difficult, particu- 
larly when the catalysts are to be prepared in large amounts. Again, 
while the suitable propylene concentration in the starting gas accord- 
ing to said method is said to range 3-15 volume %, the actual concen- 
25 tration whose effect has been actually confirmed by working examples 
was 7.4 volume %. 

Furthermore, Japanese Patent Kokai Hei 4 (1992)-217932 
proposes a method for inhibiting occurrence of hot spots or heat 
accumulation at the hot spots, by preparing plural kinds of the cata- 
30 lysts having differing occupying volumes and filling the reaction tubes 
sequentially with the catalysts of less occupying volume from the 



starting gas inlet side toward the outlet side. According to said 
method, however, the occupying volumes of the catalysts are limited 
by the diameter of each reaction tube, and occasions will occur where 
filling of desired plural kinds of catalysts in the reaction tubes is 
difficult. This method, therefore, is not yet fully satisfactory as to 
inhibition of occurrence of hot spots. 

[Object of the invention] 

The object of the invention is to provide an industrially 
advantageous production process of acrolein and acrylic acid, which 
can more effectively inhibit occurrence of hot spots in the reaction 
zone or heat accumulation at the hot spots, compared to those prior 
art techniques, in particular, where the propylene concentration in 
starting gas is high. 

[Means to achieve the object] 

We have discovered, for achieving the above object by a 
production process of acrolein and acryUc acid through vapor phase 
catalytic oxidation of propylene in the presence of a molybdenum- 
bismuth-containing oxidation catalyst which is expressed by a general 
formula (1): 

Mo^W, Bi^Fe . A^B.C D,E-0^ 
ab c aeignix 

(The symbols in the formula are as defined later), 
that (a) occupying volume: (P) calcining temperature; and (y) kind 
and/or amount of alkali metal element, of the catalyst must satisfy 
certain specific conditions. 

Thus, according to the invention, a process for producing 
acrolein and acrylic acid through vapor phase catalytic oxidation of 
propylene with molecvdar oxygen or molecular oxygen-containing gas 



using a fixed bed shell-and-tube reactor is provided, which process 
comprises preparing plural kinds of catalysts which are formed of 
complex oxides of the composition expressed by a general formula (1): 



Mo^W^Bi^Fe^A^BfCgDj^EiO^ (1) 

(wherein Mo is molybdenum; W is tungsten; B is bismuth; 
Fe is iron; A is at least an element selected fi^om cobalt 
and nickel; B is at least an element selected from phospho- 
rus, tellurium, arsenic, boron, antimony, tin, cerium, 
niobium, lead, chromium, manganese and zinc; C is at least 
an element selected fi-om alkaU metal elements; D is at 
least an element selected from alkahne earth metal ele- 
ments; E is at least an element selected from silicon, alu- 
minum, titanium and zirconium; and O is oxygen: a, b, c, 
d, e, f, g, h, i and x denote the atomic numbers of Mo, W, 
Bi, Fe, A, B, C, D, E and O, respectively, and where a is 12, 
b is 0-5, cis 0.1-10, d is 0.1-10, e is 1-20, f is 0-5, gis 0.001- 
3, h is 0-3, i is 0-30, and x is a numerical value which is 
determined depending on the extent of oxidation of each of 
the elements) 
and which are different from each other in 
(a) occupying volume, 
(P) calcining temperature and/or 
(y) kind and/or amount of the alkah metal element, 
and filling the reaction zones provided by dividing the catalyst layer 
in each of the reaction tubes in the fixed bed shell-and-tube reactor 
into at least two layers in the axial direction of the tube, sequentially 
with said plural kinds of catalysts in such a manner that the catalytic 
activity increases from the starting gas inlet side toward the outlet 
side. 




This invention concerns an improvement in the invention 
which is described in the earher cited Japanese Patent Kokai Hei 4 
(1992)-2 17932. The improvement resides in the use of plural kinds of 
catalysts exhibiting different activity levels, which are obtained by 
5 varying not only the catalyst's occupying volumes but also the calcin- 
ing temperatures and/or the kind and/or amount of alkah metal 
element therein. As the result, occurrence of hot spots or accumula- 
tion of heat at the hot spots are more effectively inhibited and the 
propylene concentration in the starting gas can be increased. Accord- 
10 ing to the invention, furthermore, the desired plural catalysts of 
S different activity levels can be prepared with better reproducibility 

J than that in the conventional methods. 

The level of "activity" as referred to in the present inven- 
tion is evaluated by conversion of propylene. 
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ly [Mode of working the invention] 

^5 The molybdenum-bismuth-containing oxidation catalysts 

13 which are represented by the general formula (1) are known. For 

example, Japanese Patent Kokai Sho 50 (1975)- 13308 and Sho 50- 
20 47915 taught the catalysts containing as essential components Mo, Bi, 
Fe, Sb, Ni and additionally at least one element selected from K, Rb 
and Cs. Japanese Patent Kokai Sho 64 (1989)-56634 taught the 
catalysts containing as essential components Mo, Bi, Fe and addition- 
ally at least either one of Ni and Co; Japanese Patent Publication 
25 (Kokoku) Sho 47 (1972)-42241, the catalysts whose essential compo- 
nents are Mo, Bi, Fe, Co, W and an alkali metal; and Patent Publica- 
tion (Kokoku) Sho 56 (1981)-52013, the catalysts containing as essen- 
tial components Mo, Bi, Fe, and additionally at least one element 
selected from Mg, Ca, Zn, Cd and Ba. Those molybdenum-bismuth- 
30 containing oxidation catalysts according to the invention can be 

prepared by similar methods using similar starting materials to those 
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of conventional art. 

It is required according to the invention to prepare plural 
kinds of catalysts exhibiting different activity levels, which are the 
molybdenum-bismuth-contairung oxidation catalysts having the 
5 composition as expressed by the general formula (1) and differing 
from each other in (a) occupying volume, (p) calcining temperature 
and/or (y) kind and/or amount of alkali metal element, as the cata- 
lysts to be filled in the plural reaction zones in the reaction tubes. 
The catalysts may be supported on generally used carriers such as 

10 a-alumina, silicon carbide, pumice, silica, zirconium oxide, titanium 
oxide, and the like. 

The term, "occupying volume", as used herein signifies the 
space occupied by particles of each of the catalysts, when they are 
fiUed in the reaction zones. As to catalysts differing in occupying 

15 volume and their preparation, Japanese Patent Kokai Hei 4 (1992)- 
217932 can be referred to. More specifically, where the catalyst 
particles are spherical, catalysts of differing occupying volumes can 
be prepared by varying diameter of the spheres. In particular, a 
spherical catalyst whose particle diameters are varied within a range 

20 of 3-15 mm is conveniently used. Occupying volume of columnar 

catalyst can be varied by changing the diameter and/or length of the 
columns. In particular, a columnar catalyst whose diameter and/or 
length is varied within a range of 3-15 mm is conveniently used. For 
ring-formed catalyst, its occupying volume can be varied by changing 

25 outer diameter and/or height of the rings. In particular, a ring 
catalyst whose outer diameter and/or height of the rings is varied 
within a range of 3-15 mm is conveniently used. Whereas, the inner 
diameter of the rings is optional because it does not influence the 
occupying volume. The occupying volume, diameter, length and 

30 height, etc. as referred to in the above mean the average values of 
catalyst particles to be filled in the reaction zones. 
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Shape of the catalyst to be used in the present invention is 
subject to no particular limitation, which may be spherical, columnar 
(pelletized) or ring-formed. Obviously, "spherical" catalyst is not 
required to be true spheres, but it is sufficient that the particles are 
5 substantially spherical. This apphes also to columnar or ring-formed 
catalysts. 

The term "calcining temperature", as used herein means 
the temperature of final calcination for activation, which is conducted 
in the coxirse of the catalyst preparation. Final calcining temperature 
10 is that used for the calcining in air, for example after condensing and 
0 drying a slxirry of starting materials, or after molding, and which 

j normally ranges 300-650'C, preferably 400-600°C. By varying the 

^1 calcining temperature within the above-specified range, catalysts 

F differing in calcining temperature can be obtained. 

15 The variation in the amount of alkali metal element must 

Ti be done, for the obvious reason, within the range of the atomic ratio 

^ (g = 0.001-3) as specified as to the general formula (1). 

3 The vapor-phase oxidation reaction of propylene according 

to the invention can be carried out following any of heretofore known 
20 methods, except that plural kinds of catalysts which are molybdnum- 
bismuth-containing oxidation catalyst having the composition as 
expressed by the general formula (1) and are different from each 
other LQ (a) occupjring volume, (P) calcining temperature and/or (y) 
kind and/or amount of the alkali metal element are prepared and said 
25 catalysts are sequentially filled in plural reaction zones in such a 
manner that the catalytic activity rises from the starting gas inlet 
side toward the outlet side. The reaction is performed, for example, 
by introducing a gaseous ntiixture comprising 1-15 volume % of pro- 
pylene, 3-20 volume % of molecular oxygen, 0-60 volume % of steam, 
30 20-80 volume % of an inert gas (nitrogen, carbon dioxide or the like) 
into the catalyst layers at a temperature of 250-450''C, under a pres- 
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sure of 0.1-1 MPa and at a space velocity of 300-5,000 h"^ (STP). The 
process of the present invention is particiilarly suitable for vapor- 
phase oxidation of materials of high propylene content, in which the 
propylene concentration in the starting gas is at least 9 vol. %, prefer- 
5 ably at least 9.5 vol. %, inter alia . 10-15 vol. %. 



[Effect of the invention] 

The catalysts used in the invention excel in reproducibility 
and sxiit for mass production. Namely, they can be mass-produced as 
10 catalysts exhibiting uniform performance. 
^0 According to the process of the invention, occurrence of 

hot spots or accumulation of heat at the hot spots can be effectively 
prevented. Consequently, acrolein and acryUc acid can be produced 
with high selectivity and at high yield. Furthermore, catalyst deterio- 
15 ration also is prevented and the catalyst can be used stably over a 
prolonged period. 

The process according to the invention also achieves 
production of acrolein and acrylic acid with high selectivity at high 
yield, even under high load reaction conditions such as high starting 
20 material concentration and high space velocity, e.g., when the propyl- 
ene concentration in the starting gas is raised as above. Thus the 
productivity is improved. 

As above, the process of the present invention is extremely 
useful for industrial scale production of acrolein and acryhc acid. 
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[Examples] 

Hereinafter the present invention is explained more 
specifically referring to working Examples, in which conversion, 
selectivity and one-pass yield are defined as follows: 



propylene conversion (raol %) = 

(mol number of reacted propylene / mol number of 
supplied propylene) x 100 

selectivity (mol %) — 

(total mol number of formed acrolein and acrylic 
acid / mol number of reacted propylene) x 100 

one-pass yield (mol %) = 

(total mol number of formed acrolein and acrylic 
acid / mol number of supplied propylene) x 100 

Referential Example 1 
(Preparation of catalyst) 

Into 1 L of ion-exchange water, 962 g of cobalt nitrate and 
267 g of ferric nitrate were dissolved. Separately, 92 g of bismuth 
nitrate was dissolved in aqueous solution of nitric acid formed of 50 
ml of cone, nitric acid and 200 ml of ion-exchange water. Again 
separately 1,000 g of ammonium paramolybdate and 64 g of ammo- 
nium paratungstate were added to 3 L of heated ion-exchange water 
and dissolved under stirring. Into this solution the above separately 
prepared two aqueous solutions were added dropwise under mixing, 
followed by addition of an aqueous solution obtained by dissolving 0.9 
g of cesium nitrate in 50 ml of ion-exchange water, and 141 g of silica 
sol of 20 wt% in concentration, by the order stated. Thereafter 178 g 
of basic bismuth nitrate (product of Kanto Kagaku K.K.) was added, 
and the formed slurry was evaporated and sohdified by stirring under 
heating, followed by further drying. The resulting solid was pulver- 
ized, molded into rings of each 6 mm in outer diameter, 2 mm in inner 
diameter and 6 mm in height, and calcined in an air stream at 480*^0 
for 8 hours to provide catalyst (1). The composition of the metal 
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elements of this catalyst (1) (atomic ratio excluding oxygen; which is 
the same to all the compositions of metal elements given hereafter) 
was as follows: 

Mo ,2 Wo ^Bi, ^Fe ^ , Co^ Csod Si , . 

The occupying volume, calcining temperature and atomic 
ratio of alkaU metal (Cs) (the value where the atomic ratio of 
molybdenum is set to be 12, which is same in all of the following 
examples) of catalyst (1) were as follows: 

occupying volume: 170 mm^ 

calcining temperature: 480°C 

atomic ratio of Cs: 0.01. 
(Oxidation reaction) 

A stainless steel reactor of 25 mm in diameter was charged 
with 400 ml of catalyst (1), and into which a gaseous mixture of 5 
volume % of propylene, 10 volume % of oxygen, 25 volume % of steam 
and 60 volume % of inert gas whose chief component was nitrogen was 
introduced at a contact time of 2.4 seconds. The oxidation reaction 
was conducted under the conditions of the reaction temperatiure of 
320^;, and the entrance pressure of 0.2 MPa. The results were as 
shown in Table 1. 
Referential Example 2 
(Preparation of catalyst) 

Catalyst (2) was prepared in the identical manner with 
Referential Example 1, except that the amount of cesium nitrate was 
changed to 1.8 g; the shape of the catalyst, to rings of each 9 mm in 
outer diameter, 2 mm in inner diameter and 9 mm in height; and the 
calcining temperature, to 490t^. The composition of the metal ele- 
ments of catalyst (2) was as follows: 



The occupying volume, calcining temperature and atomic 
ratio of altali metal (Cs) of catalyst (2) were as follows: 
5 occupying volume: 573 mm^ 

calcining temperature: 490^^ 
atomic ratio of Cs: 0.02. 
(Oxidation reaction) 

Oxidation reaction of propylene was conducted under 
10 identical conditions with those used in Referential Example 1, except 
that catalyst (2) was used instead of catalyst (1). The results were as 
shown in Table 1. 
Referential Example 3 
(Preparation of catalyst) 
15 Catalyst (3) was prepared in the identical manner with 

Referential Example 1, except that the shape of the catalyst was 
changed to rings of each 9 mm in outer diameter, 2 mm in inner 
diameter and 9 mm in height and the calcining temperature was 
changed to SOO^C. The composition of the metal elements of catalyst 
20 (3) was as follows: 

Moi2Wo.^Bi,,Fei4Co,Cso.oiSii. 

The occupying volume, calcining temperature and atomic 
25 ratio of alkah metal (Cs) of catalyst (3) were as follows: 
occupying volume: 573 mm^ 
calcining temperature: 500°C 
atomic ratio of Cs: 0.01. 
(Oxidation reaction) 
30 Oxidation reaction of propylene was conducted under 

identical conditions with those used in Referential Example 1, except 
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that catalyst (3) was used instead of catalyst (1). The results were as 
shown in Table 1 . 
Referential Example 4 
(Preparation of catalyst) 

Catalyst (4) was prepared in the identical manner with 
Referential Example 1, except that the amount of cesium nitrate was 
changed to 2.8 g and the shape of the catalyst was changed to rings of 
each 9 mm in outer diameter, 2 mm in inner diameter and 9 mm in 
height. The composition of the alkali metal elements of catalyst (4) 
was as follows: 

Moi2Wo.5Bii,Fei4Co,Cso,o3Sii. 

The occupying volume, calcining temperature and atomic 
ratio of the alkaU metal (Cs) of catalyst (4) were as foUows: 

occupying volume: 573 mm^ 

calcining temperature: 480^0 

atomic ratio of Cs: 0.03. 
(Oxidation reaction) 

Oxidation reaction of propylene was conducted under 
identical conditions with those used in Referential Example 1, except 
that catalyst (4) was used instead of catalyst (1). The results were as 
shown in Table 1. 
Referential Example 5 
(Preparation of catalyst) 

Catalyst (5) was prepared in the identical manner with 
Referential Example 1, except that the amount of cesium nitrate was 
changed to 4.6 g, and the calcining temperature, to 530°C. The 
composition of the metal elements of catalyst (5) was as follows: 

Mo,2Wo^^Bii_,Fei.4Co,Cso.o5Sii. 
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The occupying volume, calcining temperature and atomic 
ratio of alkali metal (Cs) of catalyst (5) were as follows: 

occupying volume : 170 mm^ 

calcining temperature: SSO'C 

atomic ratio of Cs: 0.05. 
(Oxidation reaction) 

Oxidation reaction of propylene was conducted under 
identical conditions with those used in Referential Example 1, except 
that catalyst (5) was used instead of catalyst (1). The results were as 
shown in Table 1. 
Referential Example 6 
(Preparation of catalyst) 

Catalyst (6) was prepared in the identical manner with 
Referential Example 4, except that the shape of the catalyst was 
changed to rings of each 7 mm in outer diameter, 2 mm in inner 
diameter and 7.5 mm in height. The composition of the metal ele- 
ments of catalyst (6) was as follows: 

MOi^Wo^^Bi, .Fe, ^Co^CsoosSij. 

The occupying volume, calcining temperature and atomic 
ratio of alkaU metal (Cs) of catalyst (6) were as foUows: 

occupying volume: 289 mm^ 

calcining temperature: 480''C 

atomic ratio of Cs: 0.03. 
(Oxidation reaction) 

Oxidation reaction of propylene was conducted under 
identical conditions with those used in Referential Example 4, except 
that catalyst (6) was used instead of catalyst (4). The results were as 
shown in Table 1. 
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Referential 

nl Y 51 TVl 1 


cata- 


Propylene 

CUIl V <^ JTolUn 

(mol %) 


Selectivity for aero- 
lem ^ dcryiic acici 
(mol %) 


One-pass jdeld of 
acrolein ^ acrync acia 
(mol %) 


1 


(1) 


98.2 


93.5 


91.8 


2 


(2) 


82.5 


96.4 


79.5 


3 


(3) 


84.1 


95.8 


80.6 


4 


(4) 


83.0 


96.0 


79.7 


5 


(5) 


81.4 


96.3 


78.4 


6 


(6) 


88.4 


95.4 


84.3 



Example 1 

A stainless steel reactor of 25 mm in diameter was filled 
with, jfrom the starting gas inlet side toward the outlet side, 500 ml of 
the catalyst (2) and 1,000 ml of the catalyst (1), by the order stated. 
A gaseous mixture of 10 volume % of propylene, 16 volume % of 
oxygen, 10 volume % of steam and 64 volume % of inert gas, whose 
chief component was nitrogen, was introduced into said reactor with a 
contact time of 2 seconds and the entrance pressure of 0.2 MPa, and 
the reaction was continued over 8,000 hours. The performance at the 
initial period of the reaction and that after the 8,000 hours' operation 
were as shown in Table 2. 
Example 2 

The oxidation reaction was carried out in the identical 
manner with Example 1, except that the catalyst (3) was used instead 
of the catalyst (2). The results were as shown in Table 2. 
Example 3 

The oxidation reaction was carried out in the identical 
manner with Example 1, except that the catalyst (4) was used instead 
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of the catalyst (2). The results were as shown in Table 2. 
Comparative Example 1 

The oxidation reaction was carried out in the identical 
manner with Example 1, except that the catalyst (5) was used instead 
of the catalyst (2). The results were as shown in Table 2. 
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Example 4 

A stainless steel reactor of 25 mm in diameter was filled 
with, firom the starting gas inlet side toward the outlet side, 500 ml of 
the catalyst (2), 500 ml of the catalyst (6) and 500 ml of the catalyst 
(1) by the order stated. A gaseous mixture of 12 volume % of propyl- 
ene, 19 volume % of oxygen, 10 volume % of steam and 59 volume % of 
inert gas, whose chief component was nitrogen, was introduced into 
said reactor with a contact time of 2 seconds and the entrance pres- 
sure of 0.2 MPa, and the reaction was continued over 8,000 hoxrrs. 
The performance at the initial period of the reaction and that after 
8,000 hours' operation were as shown in Table 3. 
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Example 4 
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Example 5 

The oxidation reaction was carried out in the identical 
manner with Example 1, except that the starting gas to be introduced 
into the reactor was changed to a gaseous mixture of 8 volume % of 
propylene, 14 volume % of oxygen, 10 volume % of steam and 68 
volume % of inert gas whose chief component was nitrogen. The 
results were as shown in Table 4. 
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Example 5 



